ABSTRACT: The benthic macrofauna of a tidal inlet in the northern Wadden Sea was sampled with grab and dredge in 1924-1926 (Hagmeier & Ktindier, 1927, and again in 1985 and 1986. The comparison of surveys from consecutive years, as well as observations from an adjacent area, are employed to separate spurious from real long~term changes. Several epibenthic species of the 1920s became rare or absent in the 1980s. Oyster beds and reefs of the colonial polychaete Sabellaria spinulosa have disappeared completely. On the other hand, mussel beds have extended their range, and the abundance of mobile infauna has increased. The total number of species has remained approximately the same. Compared to surveys from consecutive years, the 60-year interval has doubled the species turnover rate, and has decreased the similarity in relative abundances by one third. The observed losses are best explained by the impact of dredging and trawhng on the benthic fauna, while gains seem to indicate coastal eutrophication.
INTRODUCTION
As part of a benthic effects-monitoring programm in the German North Sea, involving continuous time series as well as comparisons of discrete intervals, we investigated the subtidal macrofauna of the northern Wadden Sea. The first quantitative descriptions of the macrobenthos in the Wadden Sea were provided in the 1920s by Hagmeier & K~indler (1927; hereafter: H & K) . Sampling was done mainly in two areas. One area was the Lister Ley near the island of Sylt, the other the Norderaue between the islands of F6hr and Langeness.
In an attempt to document long-term changes in the benthic fauna, we reinvestigated the Sylt area in 1980 (Riesen & Reise, 1982) . Natural oyster beds had all gone, presumably because of overexploitation. Reefs built by the polychaete Sabellada spinulosa stood in the way of shrimp trawling and were destroyed. A subtidal Zostera marina bed was wiped out in 1934 by an epidemic disease, never to return. These losses affected various associated species. However, total species richness remained about the same because mussel beds spread in the entire region, and many polychaete species took advantage of this expansion.
Here we report on the faunal changes observed in the second area, which was investigated by H & K. In the survey of the Norderaue, they visited some sites in 1925 and other sites in 1926. By contrast, we visited all sites in 1985 and the same sites in 1986. For direct comparison, we selected from this larger set of samples, the sites and years as chosen in the 1920s. The three separate sm-veys were used to differentiate between apparent and real long-term changes. The species turnover observed between 1985 and 1986 is regarded as sampling error plus year-to-year variability. Subtracting this rate from the one obtained for the 60-year interval, may yield an estimate of the real longterm species turnover.
AREA AND METHODS
Object of investigation is the macrobenthos in the subtidal region of the Norderaue, between the island of FShr and Hallig Langeness (Fig. 1) . The Norderaue is a tidal inlet off the west coast of Schleswig-Holstein, Federal Repubhc of Germany. The channel bed has a depth of up to 22 m below low tide leveL-Tidal range is 2.8 m. Maximum ebb and flow velocities are 1.35 and 1.25 m s -1, respectively. Salinity varies between 29 and 32 Too, and water temperature between 0 ~ and 20 ~ with a summer average of 15 ~ Sediments are mostly sand or muddy sand, occasionally with some gravel.
The area was described and sampled by H & K. They provided data from dredging oyster beds (see W, S and N in Fig. 1 Species turnover rate between separate surveys is expressed as T = (A+B)/(SA+SB). A is the number of species which are present in the first survey but are absent in the second one. B is the respective number for those absent in the first but present in the second survey. SA is the total number of species found in the first and SB in the second survey (see Schoener, 1983 ). This index is equivalent to "l-Qs where Qs is Sorensen's index of similarity, based on presence-absence data. Affinities between surveys are expressed with Renkonen's index Re=Zp~. Relative abundances (fractions of 1) of species within each survey are calculated, then the lower fraction of each species (Ps) is chosen, and these are summed up over the entire set of species.
RESULTS

Habitat structure
We recorded the depth profile with an echo depth sounder, and revisited sites according to relative position, depth and type of sediment. The distribution of sediments was about the same as in the 1920s, except where mussels showed up in 1985-86 but not in 1925-26. In these instances, the sediment became more muddy. As more mussel beds were present in 1985 than in 1986, less sites contained mud in the second year.
The depth profiles of 1925-26 and 1985-86 are similar. The opposite is true for the conspicuous components of the epifauna (Fig. 2) . The three-zoned pattern showing mussels above, oysters in between, and Sabellaria reefs below in the 1920s, is substituted by an all-mussel pattern in the 1980s. No oysters were found in 1985-86, although some shells were still present. Sabellaria reefs had all gone. Only a few clumps of agglutinated, empty tubes were found. Mussel beds and mussel shells were very common in 1985. The latter prevailed in 1986. In the 1920s, mussel beds were mainly restricted to the shallows. (Table 1) . Expressed in terms of presence-absence of taxa per haul, dredging was only half as successful in the 1980s compared to 1924 (see 'sum of constancy values' in Table 1) . Constancy values declined in 13 taxa, remained about equal in 10, and increased only in 2.
The turnover rates of taxa are 0.35 and 0.41 when dredgings of 1924 are compared with 1985 and 1986. For the 2 consecutive years, the turnover rate is only 0.19. This may be regarded as a measure of sampling error plus the normal year-to-year variability (see 'pseudoturnover' in Nilsson & Nilsson, 1983) . Subtracting the latter from the former, gives an estimate of 16 to 22 % for the real long-term turnover rate.
Grab samples
All grab samples from 1925--26 and from 1985-86 combined have similar abundances for the total fauna (Table 2) . However, there are conspicuous differences when epifaunal and infaunal components are considered separately. Epifauna was more abundant in the 1920s, particularly when mussels are excluded from the comparison.
The high values in the 1920s were caused primarily by Sabellaria spinulosa. Infauna was less abundant in the 1920s than in the 1980s. This difference is due to various taxa, not only to the group of small annelid worms. Quantities of the latter may easily result from small differences in the sieving procedure. Decrease in constancy
Sum of constancy values 69 33 34 With regard to the three major taxa, molluscs, crustaceans and annelids, there are no conspicuous differences in abundance or in the number of taxa between the years in question (Table 3) . Diversity is expressed as the sum of individuals divided by the sum of constancy values in order to combine aspects of dominance, species richness and spatial evenness in a single parameter. This index attains highest values for the period 1925-26 in molluscs and crustaceans. These taxa were analysed to the species level by H & K. In annelids, only a few species were listed separately.
When the abundance and constancy of species in the 1920s and 1980s are compared, there are rarely similarities (Table 4) . A notable exception is the polychaete Scoloplos armiger. Table 5 ).
These changes result in a high turnover rate of the taxa when the two periods are compared (Table 5 ). An estimate for the real long-term turnover rate may be obtained by subtracting the 1985-86 rate from the 1925/26-1985/86 rate. This yields a turnover of 16 % of all taxa. Affinity between surveys is expressed with Renkonen's index which measures similarity mainly in terms of the dominant species. Compared to the two consecutive years, the 60-year interval causes a reduction of similarity by 33 % (cf. 0.6 with 0.4 in Table 5 ).
The data provided in Tables 1 and 4 may be combined to calculate the turnover rate 1  1  295  726  2  6  14  3  2  2  10  2  3  2  0  3  0  i  0  2  0  I  7  1  2  I   853  0  9  0  77  21  11  3  1  0  1  0  1  114  1  7  17  14  11  6  0  5  0  2  248  285  12  9  13  171  7 for the entire spectrum of species e n c o u n t e r e d in the 1920s and 1980s. T h e turnover b e t w e e n 1985 and 1986 is 0.13. The one for the 60-year interval is 0.26. By subtraction, a real l o n g -t e r m turnover of 13 % of the taxa is obtained.
DISCUSSION
Two major assemblages of the 1920s, oyster beds and Sabellaria reefs, are gone from the Norderaue area. Oyster beds are now either occupied by mussel beds or by an assemblage rich in polychaetes (Fig. 3) . The sites of former Sabellaria reefs may also be occupied by mussels or by an assemblage of sand-dweUing amphipods (Bathyporeia spp.).
Consistency of evidence
Caution is advised in the comparison of benthic surveys, when equipment and procedures are not exactly alike. However, differences in methods are hard to avoid when studies are separated by 60 years. Furthermore, the design and presentation of the combining the long-term comparison with a short-term one to differentiate b e t w e e n real and spurious differences, and (3) by studying long-term changes in adjacent regions and restricting the conclusions to the consistent observations. If any real long-term changes occurred, then the fauna sampled in distant years must show less similarity and a higher degree of species turnover than the fauna from consecutive years. This is clearly the case in the present study. At the species level, the same long-term trend must be a p p a r e n t in both consecutive years, if it is to be r e g a r d e d as rehable. For example in 1925--25, only 4 shore crabs were found below 2.7 m 2. In 1985, w e found 100 but only 6 in 1986. Consistency is lacking and therefore evidence is insufficient for a long-term c h a n g e in the a b u n d a n c e of C a r c i n u s m a e n a s .
In 1980, Riesen & Reise (1982) revisited sampling sites of H & K in the List~er Ley, island of Sylt. The Lister Ley is a tidal inlet very similar to the Norderaue, and is located about 40 k m further north. If climate, pollution, or fishery are considered as potential agents of long-term changes in the fauna, then both areas should exhibit the same trends. Discrepancies either point to local effects, year-to-year variability or to sampling errors.
The general trends are the same in both areas, and there is also a close correspondence on the species level. Oyster beds and Sabellaria reefs vanished, while mussel beds expanded and infaunal density increased. The total number of species remained approximately the same. In the 1920s, Sertularia cupressina, Sagartiogeton undatus, Lepidochitona cinerea, Ostrea edulis, Abra alba, Venerupis pullastra, Sabeflaria spinulosa, Cheirocratus sundevalli and Psarnmechinus miliaris were common in both areas. In the 1980s, these species were rare or absent, again in both areas. Reise, 1980) .
During an official revision in 1924 and 1925, an average of 3.4 oysters per dredge haul was obtained from the beds in the Norderaue (W, S and N in Fig. 1 ). The annual yield from these beds for the period 1910 to 1923 was approximately 97,000 oysters. According to revisions in 1932 and 1939, the average per haul was only 1.5 oysters (Hagmeier, 1941) . The last record is from 1940. Two hauls were taken on bed W and one oyster was caught. Similarly, for other parts of the northern Wadden Sea there are no later records than 1940. Presumably, Ostrea edulis became extinct in the entire region in the 1940s or 1950s.
M6bius (1877} blames the fishery for the decline in the 1870s. H & K suggest that this overexploitation diminished the number of spawners to such an extent that the population was unable to persist under the current climatic conditions. This argument implies that oysters became established in the Wadden Sea when the climate was different. Once established, the strong population was able to resist all changes until the fishery responded more to the market than to the stock size of the oysters. At the beginning of this century, attempts were made to restock the natural beds with imported oysters. For example, bed W was restocked with 50 000 Dutch oysters in 1925. This and all other attempts failed (Hagmeier, 1941; Hagmeier & Schubert, 1930; Kandler, 1928}. Large oyster shells were infested with the sponge Cliona celata Grant and the polychaete Dodecaceria concharum Oersted on all beds in the Norderaue (H & K). Both species are absent now. Common epigrowths were barnacles (Balanus crenatus), clumps of Sabellaida spinulosa and Halichondria panicea. In 1924, the latter exhibited massive growth on beds S, N and in the northern part of W. Up to 300 dumps in a single haul were recorded (Hagmeier, 1941}. In 1932 Sabellaria clumps were recorded from all beds in the Norderaue in 1924. The massive reefs occurred mainly below the depth range of the oyster beds (> 5 m below LTL). A dredge was immediately filled with dumps of agglutinated tubes. Trawling was impossible. In the 1980s, we found no reefs and no living worms, only a few small dumps with empty tubes. With this species a major habitat is gone. The reefs have been ground with heavy gear by the shrimp fishery (Riesen & Reise, 1982) .
The tube-building polychaete Pomatoceros triqueter lived on shells of oyster bed W in 1924. In 1939 it was quite common and was also found on bed S/N (Hagmeier, 1941) .
In the 1980s we found none. The colonial hydroid Sertularia argentea was found on all oyster beds in the 1920s and 1930s. In the 1980s we found none. This hydroid was used for decorative purposes and was commercially harvested in the 1950s. The sea urchin
Psammechinus miliaris was quite common on the oyster beds. In 1924, 14 to 20 urchins were obtained with a single haul. In the 1930s, P. m///ar/s was particularly abundant on bed S/N (Hagmeier, 1941) . We found only 4 urchins in a single haul on bed S in 1986.
The American prosobranch Crepidula fornicata was introduced with Dutch oysters in 1934 at Sylt and presumably in 1936 into the Norderaue (Hagmeier, 1941} . We found one snail on bed W, both in 1985 and 1986. In the 1920s, mussel beds were restricted to the shallows (<2 m) above the oyster beds. Occasionally, however, mussels settled within the oyster beds, attached to the shells, accumulated silt, and the oysters died (H & K}. On beds W, S and N, young mussels were found in 1925 and 1926. In April 1927, a grab of 0.1 m 2 contained 42 mussels (Hagmeier, 1941} . In 1932 these mussels were gone but a heavy spatfall was observed on the northern part of bed W in 1940. Bed S and N remained free of mussels.
In the 1980s we found mussels distributed over the entire depth range of the Norderaue. They were considerably more common than in the 1920s. This was more obvious in 1985 than in 1986. At the same time, a prospering mussel fishery intensified the exploitation of the natural beds.
Interpretation of faunal changes
Six hypotheses are discussed as potential explanations for the observed long-term changes in the benthic fauna of the Norderaue. These hypotheses do not exclude each other, they are additive and may interact.
(I) H y p o t h e s i s o f n a t u r a I c h a n g e : All differences in faunal composition between the 1920s and 1980s are caused by natural processes alone, such as climatic variation, species extending and retracting their ranges, unbalanced predator-preypathogen relations. In such a case, there will be no conspicuous changes in overall abundance and species richness, nor in the relation between functional groups or life forms. Changes are apparent only at the species level. This prediction does not hold. Conspicuous losses are confined to the epifauna, and the infauna shows an overall increase in abundance. Some events, however, may be due to natural causes. A comparison of surveys separated by decades cannot differentiate between unidirectional trends and population oscillations with periods of several years or more. Natural longterm cycles are expected to occur in the marine environment (Gray & Christie, 1983; Steele, 1985) , and this imposes a dose of uncertainty on any conclusions.
(2) Hypothesis of changed predation: Benthic abundance follows the fluctuations of predation pressure by decapod crustaceans, demersal fish and diving ducks. Shrimp, small crabs and fish, prey fairly indiscriminately on early bottom stages, causing an overall decline in the benthic community (Reise, 1985) . Adult crabs, starfish and diving ducks particularly affect the bivalves. H & K present the catch of 19 trawls taken from oyster beds in the 1920s. The relative abundances in catch and by-catch resemble those of the 1970s (cf. Dankers & de Veen, 1978: Table 3 ). Tiews (1983) analysed the catch and by-catch of the shrimp fishery for the period 1954 to 1981. Cod, dab, plaice and a few other fish increased in the 1970s, and shrimp also show a slightly increasing trend over the years in the Wadden Sea of Schleswig-Holstein. If at all, this suggests an increased predation pressure on the benthos, which is inconflict with the observed high infaunal abundance in the 1980s. Mussels are preyed upon by eider ducks. This latter population has not declined in recent years (Swennen, 1980) , and thus provides no explanation for the spread of mussels.
(3) H y p o t h e s i s o f t o x i f i c a t i o n : Industrial pollutants accumulate in the benthos and cause a general impoverishment, decreased abundance and loss of species. Large and long-lived forms probably suffer more than small and rapidly breeding species. Toxic pollutants cannot be blamed for the observed changes because losses occurred only in the epifauna.
(4) Hypothesis of organic enrichment: Nutrients from agricultural runoff and human communities stimulate primary production, and more food becomes available for the benthic fauna. Abundances will increase, and species characteristic of muddy sediments will spread. Organic enrichment may eventually cause oxygen deficiencies; however, in a tidal water body with high current velocities this is only to be expected under extreme eutrophication.
Enhanced organic input and primary production provide a plausible explanation for the concurrent increase in mussels and infauna. Mussel abundance also increased in the eutrophicated Baltic Sea (Brey, 1986; Cederwall & Elmgren, 1980; but cf. Persson, 1981) . Increased polychaete abundance may be a direct response to organic enrichment (Anger, 1977; Dauer & Conner, 1980; Dorsey, 1982) or to the spread of mussels (Kaspar et al., 1985; Mattson & Lind6n, 1983; Riesen & Reise, 1982) . Evidence for coastal eutrophication in northern Europe is accumulating (Rosenberg, 1985) , and long-term changes in the benthos of the Kattegat are also in line with this interpretation (Pearson et al., 1985) .
(5) Hypothesis of dredging and trawling effects: From the Norderaue, gravel and sand are extracted. Dredges were used to collect oysters and are used to harvest mussels. Shrimp trawling is very common. All these disturbances particularly affect the epifauna and some sessile and fragile infauna (Blegvad, 1951; de Groot, 1984) . The loss of epifaunal species and of infaunal bivalves in the Norderaue, suggests that dredging and trawling had some effects. Sabellaria reefs were destroyed by the shrimp fishery (Riesen & Reise, 1982) .
(6) Hypothesis of attending oyster and mussel beds: In the1930s, commercial fishery on molluscs switched from oysters to mussels in the Norderaue (Hagmeier, 1941) . Oyster beds were cleared of invading mussels; massive sponges, starfish and crabs were removed; shells were cleaned to provide suitable space for the attachment of oyster spat (H & K) . This attendance may have contributed to the persistence of the oyster bed community.
The mussel fishery transplants young, crowded mussels from the shallows where initial survival is high, to deeper sites where mussels spread and grow faster (H & K~ Korringa, 1980) . This may have promoted the expansion of mussel beds over the entire depth range of the Norderaue. However, mussel fishery was rather extensive over the last decades and intensified only very recently in the northern Wadden Sea. It does not seem very probable that the general spread of mussels was possible without additional food.
Without any reference areas, where neither fishery nor any other exploitations are allowed, it will be impossible to differentiate between the last three hypotheses. None is comprehensive enough to explain alone all the observed long-term changes in the benthos of the Norderaue. We conclude that a combination of coastal eutrophication, fishery and dredging effects caused the spread of mussels, the increase of infaunal abundance, and the loss of epifaunal species.
